The chemical thermodynamic properties of methanol and it:; d~utel'aied ~pecie~ in the ideal gas state were calculated [1] 1 two decades ago. The values reported for methanol were included in a recent work on monohydroxy aliphatic alcohols [2] . However. many of the vibrational frequencies used then differed considerably from those recommended by Shimanouchi. [3] . Moreover, numerous investigations- [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , which were carried out prior to or contemporary with the thermodynamic calculations LIJ, led to greatly diverse values for the potential barrier to internal rotation and the torsional frequency. Only in recent years have extensive analyses [17, 18] uf mit:1owave alid infrared ~pectra made availahlc more accurate structural parameters, rotational constants, and potential barrier parameters. Consequently, the contribution of internal rotation to the thermodynamic properties can now be computed more accurately, using a partition function formed by a direct s,:,-m over energy levels [19] . 
Molecular Structure and Moments of Inertia
The molecular structure of methanol was investigated with
x-ray diffraction [20] , electron diffraction [21] , and microwave [13-1S, 17, 22, 23] techniques and was also reported in papers [24] primarily dealing with force field calculations. For the purpose of this paper, the deuterated methanols (CHsOD, CDaOH, and CDaOD) will be considered to possess the same molecular dimensions as CHaOH. Analyses of microwave spectra [13, 14, 17,22, 2S] provides accurate values forthe rotational constants and, consequently, the moments of inertia for p.Ach of thp. fonr mp.thanol~. The p.ytfm!'\ive analy~p.~ . of
Lees, et al. [17] appeared to give more accurate structural parameters and rotational consiants; those parameters and constants were adopted in this work. The principal moments of inertia were derived from rotational constants by using the conversion factor SOS379 MHz • amu • A2 [26] . The selected values of the structural parameters and the principal moments are listed in table 1. It is spectroscopically evident that the carbon-oxygen internuclear axis in the methanol molecule does not coincide with the C3 symmetry axis of the methyl group, which is taken as the axis of internal rotation. The observed angle between these two axes is 3.27° [17] . The reduced moment of inertia (Ir) and the reduced inverse moment of inertia (F = h/ 8'1T2cIr) were evaluated with the Kilpatrick-Pitzer procedure [28] and the values are reported in table 1.
Vibrational Fundamentals
Each' of the normal and deuterated methanols belongs to the point group C s and has eight of its twelve normal modes with a' symmetry and the other four with a" symmetry. Falk and Whalley [29] reviewe~ the studies on vibrational assignmenis published prior to 1960. Using improved techniques, vibrational frequencies for the vapor [29] [30] [31] [32] and condensed [29, [33] [34] [35] [36] [37] phases were determined from infrared [29, 31, [34] [35] [36] and Raman [29, 30, 32, 33, 37] spectra. Certain theoretical calculations have also been reported [24, 38] . [3] the values of the vibrational frequencies for the f~ur methanols in both the gas and liquid phases.'
Since our main concern is/the calculation of thermodynamic properties in the gaseous state, the condensed-phase vibrational assignments will not be emphasized, unless information on the vapor phase is insufficient. For CHaOH vapor, some of the vibrational frequencies reported among infrared [29, 31] and Raman [30, 32] investigations are conflicting. Shimanou~ chi's selected values have been adopted on the 'ground that his values were derived from thorough analyses of isotopic methanols; in addition, the resulting thermody~amic properties are in good agreement with their experimental counterparts. The adopted values for. the vibrational fundamentals of the four methanols are listed in table 1.
Internal ·Rotation
Earlier investigations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 39] and quantum mechanical calculations [40] pertaining to the potential barrier to internal rotation showed considerable disagreement. In order to obtain a better fit to the observed data, it has been shown [18] [42] for methanol. A good fit to both infrared and microwave frequencies [22] was obtained with Va = 1075 cal· mol-1 and Vs = -2 cal· mol-1 derived [43] from a semi-empirical energy functi'on [44] . While 232 cm-1 proposed [45] from infrared data [41] as the torsional mode was a crude approximation, the assignment of 350 cm -1 from infrared data [34] to the methyl torsion was rul~d out on the ground of the small isotopic shift factor· [36] .
By considering torsion-vibration-rotation interactions as , empirically adjusted parameters, the values of Va for CH30H, CHaOD, CDaOH, and CD30D were derived [17] [18] , their values for V3 and Vs, as listed in table 1, were used in this, work to calculate, as previously described [19] , the internal rotational energy levels.
Corrections for Gas Imperfection
From the nonlinear trend of heat capacity versus pressure [46, 47] , from P-V-T studies [48] , and from'infrared absorption spectra [49] , it was concluded that monomers, dimers, and cyclic tetramers of methanol mutually exist in a vapor mixture. The 1-2-4 model was also proposed [50] from the infrared absorption spectrum for CH30D. On analyses of the experimental vapor pressure and P·V-T data for CH30H, the 1-2 model [51] and the 1-3-8 model [52] were suggested. Ii appears that the 1-3 model based on vapor-density measurements [58] is doubtful because of errors caused by' condensation.
Although Kretschmer and Wiebe [48] accepted the 1-2-4 model, which was first proposed byWeltner and Pitzer [46] in the form of PV = RT + BP + DP3, the corrections for nonideality to Cp and 5 of the real gas using their own virial coefficients, Band D, are quite different from those in [46] . The [55] . e Observed at 260 mm Hg [46] . [46] corrections for gas imperfection were used, is remarkably within ±0.04 calomol-lo K-l, except at 337.8 K at which the deviation is 0.08 calomol-lo K-l. The Kretschmer-Wiebe [48] corrections for gas imperfection differ from those of Weltner and Pitzer [46] by ±O.l calomol-loK-l. These differences, however, are within the estimated.overall experimental uncertainty .±0.3 calomol-1oK-l for So and thus do not affect our calculated values of So.
Only for CH30H have heat capacities of real gas been measured [46, 55, 56] [56] given in table 3 are' apparently questionable. The differences in the corrections for gas imperfection by the Weltner-Pitzer [46] and Kretschmer-Weibe [48] viral coefficients are larger than ±0.2 cal o mol-lo K-l at temperatures below 400 K. This is probably due to the formation of polymeric species larger than dimers at lower temperatures, and may also be attributed to the inadequacy of the viral coefficients procedure to describe the complex state of the actual mixture. When the temperature is increased, the discrepancies diminish, indicating the predominance of dimers in the small amount of intermolecular association occurring.
As shown in Errors in the thermodynamic properties of species calculated for the rigid-rotor harmonic-oscillator model with restricted internal rotation arise only because of errors in the molecular parameters used. In the case of methanol and its deuterated species the only significant sources of error are in the values of the fundamental frequencies and the barrier for . internal rotation. Table 8 lists the uncertainties in the calculated thermodynamic functions which result from these sources. These were calculated from the usual formula for the propagation of random independent errors [64] . Errors in the fundamentals were taken as the maximum uncertainties assigned by Shimanouchi [3] , and the error in the internal rotation barrier was assumed to be 100 calomol-l . The effect of change in the internal rotation barrier was estimated from the tables of Pitzer and Gwinn [65] . Uncertainties in the thermodynamic functions for CD30D are very nearly the same as those for CD30H. In addition, the values in tables 4-7 may differ from the properties of the real molecules because of limitations in the model. These include the effects of anharmonicity, vibrationrotation interaction, centrifugal stretching of bonds, and deviation of the potential for internal rotation from the twoterm cosine formula. In general, the magnitude of these effects will increase with increasing temperature.
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